Thirty-three strains previously classified into 11 species in the bacterial family Moraxellaceae were subjected to phylogenetic analysis based on 165 rRNA sequences. The family Moraxellaceae formed a distinct clade consisting of four phylogenetic groups as judged from branch lengths, bootstrap values and signature nucleotides. Group I contained the classical moraxellae and strains of the coccal moraxellae, previously known as Branhamella, with 165 rRNA similarity of 295%. A further division of group I into five tentative clusters is discussed. Group II consisted of two strains representing Moraxella atlantae and Moraxella osloensis. These strains were only distantly related to each other (93.4%) and also to the other members of the Moraxellaceae (593%). Group IV contained only two strains of the genus Acinetobacter. Strategies for the development of diagnostic probes and distinctive sequences for 165 rRNA-based species-specif ic assays within group I are suggested. Although these findings add to the classificatory placements within the Moraxellaceae, analysis of a more comprehensive selection of strains is still needed to obtain a complete classification system within this family.
INTRODUCTION
Several fastidious Gram-negative bacterial species, other than established human pathogens such as Neisseria meningitidis, Neisseria gonorrhoeae and Haemophilus injuenzae, are emerging as being important The GenBank accession numbers for the sequences reported in this paper are AF005160-AFOO5192.
as causes of opportunistic infections, including species of the bacterial family Moraxellaceae. For example, all members of the classical moraxellae, that is Moraxella lacunata, Moraxella nonliquefaciens and Moraxella bovis, may cause eye infections (7, 9, 25, 45) . M . nonliquefaciens, which may be part of the normal airway flora, has been found as a cause of septicaemia in leukaemic patients (3, 53) . Moraxella (Branhamella) catarrhalis may cause eye, ear and sinus disease in children, a population displaying a high rate of colonization with this species (14, 15) . This agent can also cause exacerbations of chronic bronchitis.
00536 0 1998 IUMS (7) Bsvre ( The classification systems for species of the Moraxellaceae are still incomprehensive and evolving. The genera currently belonging to the Moraxellaceae are Moraxella including the previous Branhamella, Acinetobacter and Psychrobacter as suggested by Rossau and co-workers (46) . Genetic relationships between these species have previously been extensively studied by genetic transformation ( 5 , 7-9, [29] [30] [31] [32] [33] 35 are so distantly related that they can be separated and thereby identified by DNA-DNA hybridization using total genomic probes (52) . One exception to this finding is the group containing the classical mor- /n vitro amplification and DNA sequencing of the 165 rRNA gene. The PCR reactions were performed in a semi-nested fashion with one of the primers biotinylated as described previously (41) . The 16s rRNA genes were amplified directly from the bacterial genome with the primers detailed in Table  2 . Immobilization of the biotinylated PCR products followed by strand separation and template preparation was performed with superparamagnetic beads, Dynabeads M-280 Streptavidin (Dynal). The nucleotide sequences from both strands were determined by automated solid-phase DNA sequencing (26, 27, 57) with the ALFexpress (Pharmacia Biotech) as described previously (40) (41) (42) (43) . The sequencing primers are listed in Table 2 .
Analysis of the 165 rRNA gene sequences. The sequences determined in this work were edited manually and aligned with a selection of 16s rRNA sequences from members of the beta and gamma subclasses of the Proteobacteria. These were retrieved from the sequence collection of the Ribosomal Database Project (37) and from GenBank. and &-purple (7), Fusobacterium (most), t Dominant base or pair in the corresponding position(s) of (eu)bacteria.
$The number of sequences in which the actual residue is found is in parentheses. Groups and sub-groups are according to the nomenclature used by the Ribosomal Database Project (RDP) (37) . Abbreviations : STB, Spirochaeta-Treponema-Borrelia subdivision; HP, Haernophilus-Pasteurella group; a, 6 and E , alpha, delta and epsilon subdivisions, respectively, of the purple bacteria (Proteobacteria).
3 Many eubacteria truncate this position. 1) A guanine is present in the actual position in 2 of the 16s rRNA sequences of Psychrobacter and an adenine is present in the sequence of M . atlantae.
presented in Fig. 1 . Bootstrap percentage values as obtained from 500 resamplings of the data set are given at the nodes of the tree. Alcaligenes faecalis served as an outgroup. The phylogenetic tree showed that the members of the family Moraxellaceae constituted a monophyletic taxon forming a distinct line of descent within the gamma subclass of the Proteobacteria (Fig. 1) . Bacterial families closely related to the Moraxellaceae are the Aeromonadaceae and the Pseudomonas sub-group. Bootstrap analysis and the obtained branch lengths indicated that the Moraxellaceae branch was phylogenetically stable. Furthermore, the branch of the Moraxellaceae was supported by signature nucleotide positions (Table 3) . Signature nucleotides in this context are nucleotide residues explicitly found in positions within the sequence where the base present differs from that found in the majority of the other (eu)bacteria. Moreover, the signatures may be useful for the development of diagnostic probes for rapid detection of members of the family MoraxelZaceae. One suitable motif is the presence of the nucleotides U and A in positions 5 14 and 537, which is covered by the highly conserved eubacterial oligonucleotide UGUGCCAGCAGCCGCGGUAAUA-CA, of which over 3000 examples are known. As noted in Table 3 , this target coincides only with members of mycoplasmas and relatives, Leptospirillum group, green sulfur bacteria, Pseudomonas sub-group and Myxobacteria.
P h y I og e net ic g rou ps within the Moraxellaceae
The Moraxellaceae branched into four major lineages designated groups I, 11, I11 and IV ( Fig. 1) . A tree was also constructed by including all currently known species belonging to Moraxellaceae of which 16s rRNA sequence data could be retrieved (not shown).
The additional species and strains belonging to the Moraxellaceae could be assigned to any of the four clades, without significant destabilization of the nodes of groups I-IV. Therefore, the reduced tree presented in Fig. 1 representatively describes the phylogeny of the family Moraxellaceae. The four groups were considered to constitute reliable established phylogenetic units as judged from the percentage values obtained by bootstrap analysis (Fig. 1) and the signature and unique nucleotide positions presented in Table 4 . The characterization of unique nucleotide features was restricted to be valid for the members of the respective group within the Moraxellaceae. A nucleotide residue at a certain position was said to be unique when it held for all strains within one of the four groups with no exception among the strains of any other group. A weak node positioned at the branching point between groups I1 and I11 was observed due to a bootstrap percentage of only 55% and a short common ancestral branch for these groups. The instability of this point of bifurcation was also registered by maximum likelihood analysis, where group I swapped its position with that of group 111. Therefore, we do not consider the branching order among groups I, I1 and I11 to be established with certainty. However, the base pair in position 3 17 336 showed the composition C O G which was in common for the group I1 lineage and the early branches of the group I11 lineage. The later branches of some of the Psychrobacter strains showed C. C in the actual base pair of the group I11 line of descent. The C G base pair is only found in Aquifex (one example), Marinobacter (1 example), the Actinobacillus sub-group (few), the Halomonas sub-group (some), Spiroplasma (few) and in the Cardiobacterium group (two examples). Therefore, this base pair was regarded synapomorphous for the common branch of groups I1 and 111. The tree in Fig. 1 (Fig. 2) . Surprisingly, Moraxella equi strain 327/72T was contained within the M . lacunata cluster with a 16s rRNA sequence similarity of 99.9 YO to M . lacunata strain E2371 (Fig. 2) . Moreover, M . equi shared all the informative nucleotides with the other members of this cluster (Table 5) those present in the members of the M . lacunata cluster are shown in parentheses.
In the maximum likelihood analysis of the members of group I, M . nonliquefaciens and M . lacunata also formed distinct clusters, but were not positioned at the same branch as in the tree derived by using the neighbour-joining method. The phylogenetic distinctions between these species are supported by genotypic and biochemical properties, such as differences in colony morphology and growth characteristics and the presence of M . lacunata serum liquefaction (5,53). We believe that M . nonliquefaciens and M. lacunata should be placed on the same phylogenetic branch as determined by 16s rRNA comparisons (Fig. 2 , Table 5 ). (present in all the other species of group I) of the stem capped by the loop starting in position 83. This truncation constitutes a higher order structural attribute in the 16s rRNA molecule of these species, and is probably a common feature of an apomorphic homologous character. (Fig. 2) and the fact that its phylogenetic significance could only be supported by three informative nucleotide positions, namely 92 (U), 1000 (C) and 1040 (G) ( nonliquefaciens and the M. lacunata subsp. lacunata (including strain E7992) in the vicinity of the tetraloop starting at position 1013. However, the removal of these nucleotides from the alignment, since they might contribute to the destabilization of the node of the M . catarrhalis cluster, revealed an identical tree topology to that in Fig. 2 without a substantial improvement of the bootstrap value of the actual node. This cluster can also be justified by eight informative nucleotide positions ( (Fig. 2) . Since strain CCUG 27179 formed the earliest branch of group I when the maximum likelihood method was used for phylogenetic inference (not shown), the phylognetic position of this strain could not be solved in this study.
General group I considerations
Except for the case in M . nonliquefaciens and M . lacunata subsp. lacunata, group I was generally highly heterogeneous as seen from the bootstrap values obtained by 16s rDNA analysis (Fig. 2) and the branching order between the clusters and between the members within the clusters could not be fully established. A careful check of the variable positions within the alignment revealed that certain nucleotide positions were common to species occupying different clusters of the phylogenetic tree. Moreover, as discussed for the M . catarrhalis cluster, some segments appeared to have been shuffled between species which phylogenetically belong to different clusters. These segments and the extent of their occurrence deserve further investigation. Almost 80 % of the variable positions (i.e. 98 out 123 positions) were found to be positioned in highly variable locales of the molecule (21). This means that the trees are derived from nucleotide information present in regions which are prone to mutation. Therefore, it is likely that a certain 'noise ' has been incorporated into the phylogenetic analysis: the tree in Fig. 2 should be regarded as tentative and Table 5 might need some revision when 16s rRNA sequence data from more strains and species of group I have been sequenced. Nevertheless, we believe that the five tentative clusters of group I and This group we only analysed by means of pre-exisiting 16s rDNA sequences from the databases. Group IV consisted solely of species belonging to the genus Acinetobacter, represented by a strain of A. calcoaceticus. The phylogenetic relation among the Acinetobacter species has been published previously (1,44, 55, 59) and was not focused on in this work. The genus Acinetobacter formed an early branch of the Moraxellaceae family in all constructed trees (Fig. 1) . Binary similarity values between members of Acinetobacter and groups 1-111 ranged between 86 and 90%. In general, group IV showed the slightly higher 16s rRNA sequence similarity percentage value to group I (the M . lacunata rRNA homology group). Despite the phylogenetic proximity exhibited among different species of Acinetobacter on the 16s rRNA level (44), studies on the total genome level have demonstrated that species of the genus Acinetobacter are very heterogeneous, to such an extent that some Acinetobacter species show very low DNA reassociation values, indicating that they should be placed in separate genera ( 5 1).
Overall nucleotide distribution and variability between Moraxella species on the 165 rDNA level
Higher diversity was found on the 16s rDNA level among the Moraxella species than could be expected based on phenotypic similarities, on overall nucleic acid homologies by hybridization and on ratios in genetic transformation. Considering the extensive genetic exchange that goes on in nature among these bacteria, due to their naturally high competence for constitutive transformation throughout their life-cycle combined with a target that could be subject to homologous recombination with DNA from a vast amount of bacterial species, a relatively high diversity on the 16s rDNA sequence level is not unlikely. Compared to species that exhibit particularly high conservation on the 16s rDNA sequence level, such as the Mycobacteria, strains of species of Moraxellacae contain relatively high 16s rDNA sequence divergence. This finding promotes the use of 16s rDNA sequence analysis for fine discrimination between strains and entities, but limits its use for species discrimination of this bacterial family.
Concluding remarks
We believe that the 16s rRNA gene sequences from strains of the type genus Moraxella determined and discussed in this work constitute an important part of the framework for taxonomic studies of the members of the family Moraxellaceae. Taxonomic realignment of genera and species within the Moraxellaceae is not proposed in this report. The analysis of additional strains within each species/entity will be necessary to obtain a more finite classification and complete phylogenetic status of this family. Areas of interest deserving the highest priority in this pursuit are the genus Moraxella sensu stricto and the genus Psychrobacter and allied bacteria. Moreover, nucleotide sequence data of the 16s rRNA genes from members of both groups I1 and I11 are needed for proper taxonomic affiliation of M . osloensis, M . atlantae, [M.] phenylpyruvica and related species within these groups.
